The aim of this study was to validate novel imaging technology for simultaneous morphological and biochemical endogenous optical imaging of coronary atherosclerotic plaque.
Introduction
Acute cardiovascular events are still the leading cause of morbidity and mortality in the Western world. 1 -3 Invasive imaging of coronary atherosclerotic plaque is limited to the evaluation of its anatomical features and not to the evaluation of the metabolic processes, including inflammation, 4 -7 oxidative stress, and dyslipidaemia, that lead to its development. 8, 9 Early-and intermediate-stage atherosclerotic plaques have thin fibrous caps, lipid-laden cores, and localized inflammation that are inadequately visualized using optical coherence tomography (OCT) or intravascular ultrasound (IVUS) alone. 10, 11 Convincing evidence exists to indicate that the underlying mechanisms in coronary plaque development leading to acute thrombosis are multifactorial, involving a complex interaction between structural, compositional, biomechanical, cellular, and molecular processes in the vessel wall. 12 -14 Unfortunately, there is no current imaging modality (non-invasive or intravascular) that can provide such a level of plaque characterization. The future development of systemic or localized therapies for atherosclerosis likely will depend on a more detailed understanding of plaque development and progression after treatment.
Of the commercially available intravascular imaging tools, OCT provides the highest resolution images and can be used to define the superficial anatomical features of atherosclerotic plaque. 15 -17 Endogenous fluorescence lifetime imaging (FLIM) enables the quantification of plaque's biochemical content near the luminal surface and the identification of lipid-rich and collagen-rich plaques. 18 Here, we examine the combination of OCT and FLIM to optically characterize plaque morphology and biochemical composition, and to compare the results to histopathology.
Methods

Imaging instrumentation
We have recently developed an integrated benchtop OCT and multispectral FLIM imaging system. 19 The OCT subsystem was based around a custom 53 kHz (maximum) line rate spectrometer and an 830 + 20 nm SLED light source, providing an axial resolution of 7.6 mm in air and a 3 dB roll-off of 1 mm. The FLIM subsystem was based on our previously published high-speed design. 20 A frequency tripled Q-switched Nd : YAG laser was used as the excitation source (355 nm, 30 kHz maximum repetition rate, 1 ns pulse full-width half maximum), and the fluorescence emission was separated into three bands (390 + 20 nm for collagen, 452 + 22.5 nm for elastin, and 550 + 20 nm for lipids), which were detected with a micro channel plate-photo multiplier tube (rise time: 150 ps) and sampled with a high bandwidth digitizer (1.5 GHz, 4 GS/s). 20 The OCT and FLIM subsystems shared a common sample arm (common path), which featured an ultrabroadband achromatic objective lens, which provided an FLIM lateral resolution of 100 mm and an OCT lateral resolution of 14 mm.
Imaging protocol
Human coronary artery segments were obtained from eight autopsy cases within 48 h of death, according to a protocol approved by the Texas A&M University Institutional Review Board. A total of 47 arterial segments were longitudinally opened and imaged from the lumen side. The imaged field of view had an area of 2 × 2 mm 2 . Immediately after imaging, each segment was ink-marked (for correlation with histopathology), fixed in 10% formalin, and sent for histopathological analysis. 21 
Histology
Three consecutive sections were cut every 500 mm to cover the whole length of each imaged arterial segment, and subsequently stained with Movat's pentachrome (for plaque histopathological classification), a mouse anti-human CD68 monoclonal antibody (for macrophage infiltration), or alpha-actin monoclonal antibody (for smooth muscle cells). All sections were evaluated by two cardiovascular pathologists (F.C. and L.M.B.), who agreed on the evaluation of all sections. On the basis of the histopathological evaluation, 14 was disagreement between the readers, the majority opinion was used. In all cases, at least two of the readers agreed on the classification.
FLIM plaque image evaluation
Following a methodology recently validated by our laboratory, the endogenous FLIM signal was analysed to classify the plaque luminal biochemical composition as HC, HL, or LCL. 18 The plaque autofluorescence was quantified in terms of the relative fluorescence intensity and the average lifetime at each pixel of the image. For statistical classification, multiclass Fisher's linear discriminant analysis was applied with the multispectral FLIM parameters (relative fluorescence intensity and average lifetime for each of spectral channel) as the feature vector for each pixel. A luminal biochemical map was then generated after classifying each pixel of an image to one of the three groups (HC, HL, or LCL). Finally, the entire plaque segments were assigned to one of the three groups as follows: if 20% or more of the pixels were classified as HL, the plaque was classified as HL; if ,20% of the pixels were classified as HL, but at least 20% of the pixels were classified as HC, the plaque was classified as HC; if ,20% of the pixels were classified as HL and ,20% of the pixels were classified as HC, the plaque was classified as LCL.
Morphological and biochemical plaque characterization based on OCT and FLIM evaluation
To conduct an integrated OCT and FLIM plaque evaluation, the FLIMderived biochemical map was superimposed on the surface of the OCT volumetric image (Figures 2 and 3 
Results
Histology
The histopathology evaluation of the 47 imaged coronary sections resulted in the following plaque distribution: PIT (n ¼ 26), FA (n ¼ 12), TCFA (n ¼ 2), and CA (n ¼ 7). Representative histology sections for each plaque type are shown in Figure 1 . Plaque classification based on their luminal composition resulted in the following distribution: LCL (n ¼ 18), HC (n ¼ 14), and HL (n ¼ 15).
OCT plaque image evaluation
Representative OCT B-scans for each plaque type are shown in Figure 1 . A histopathological PIT plaque was characterized by a bright homogeneous single layer in OCT. An FA was identified by OCT as having a signal-poor region showing diffuse borders corresponding to a necrotic core. A CA was identified by OCT as having a signal-poor region with well-defined sharp borders. A TCFA was identified by OCT as having a signal-poor region showing diffuse borders (necrotic core) covered by a thin bright layer of ,80 mm (thin fibrous cap). All the FA (12 of 12), TCFA (2 of 2), and CA (7 of 7) plaques were correctly identified by OCT. Of the 26 PIT plaques, 21 were correctly classified and 5 were misclassified as FA.
FLIM plaque image evaluation
The FLIM-derived biochemical maps of all the histopathological LCL plaques showed ,5% of HC or HL pixels; thus, they all (18 of 18) were correctly classified as LCL. The FLIM-derived biochemical maps of all the histopathological HL segments showed at least 25% of HL pixels; thus, they all (15 of 15) were correctly classified as HL. Of the 14 histopathological HC plaques, 13 were correctly classified as HC by FLIM and 1 was misclassified as LCL.
Morphological and biochemical plaque characterization
A sample fibrotic plaque with a mixed luminal composition is shown in Figure 2 . An OCT B-scan (left-top) taken from the edge of the volume indicated a bright homogenous PIT plaque with LCL luminal composition, confirmed by histopathology (left-bottom).
Another OCT B-scan (right-top) this time taken from the middle of the volume indicated a bright homogeneous PIT plaque with mixed HC (in the middle) and HL (at the sides) luminal composition, also confirmed by histopathology (right-bottom).
A sample CAwith a mixed luminal composition is shown in Figure 3 . An OCT B-scan (left-top) taken from the edge of the volume indicated a bright homogenous PIT plaque with HC luminal composition, Figure 1 Sample B-scans and corresponding histopathology section (Movat stain) for each plaque type (PIT, FA, CA, and TCFA) as defined by the consensus standards for intravascular OCT. 22 The colour-coded lumen indicates the superficial plaque composition based on FLIM: HL as red, HC as green, and LCL as blue. All scale bars represent 200 mm.
Simultaneous morphological and biochemical endogenous optical imaging of atherosclerosis confirmed by histopathology (left-bottom). Another OCT B-scan (right-top) this time taken from the middle of the volume showed a signal-poor region with well-defined sharp borders identified as a large calcified necrotic core covered by a fibrous cap of mixed LCL (in the middle) and HC (at the sides) composition, also confirmed by histopathology (bottom-right).
The multimodal plaque representation also enabled further characterization of PIT plaques based on their luminal composition. This is illustrated in Figure 4 , in which three plaques were identified as PIT by OCT, but showed very distinct FLIM-based luminal biochemical maps that clearly distinguished HL, HC, and LCL histopathological compositions. While all three OCT B-scans were very similar showing uniform bright signal, the left plaque was identified by FLIM as having HL luminal composition, which was correlated with a significant macrophage foam cell infiltration in the top half of the plaque. The middle plaque was identified by FLIM as having HC luminal composition, which correlated with nearly exclusive collagen content. The right plaque was identified by FLIM as having LCL luminal composition, which was correlated with a predominant smooth muscle cell composition and a lack of both macrophage foam cell infiltration and collagen.
Similarly, this novel multimodal plaque representation also enabled a more detailed characterization of FA based on the cap biochemical composition. This is illustrated in Figure 5 , in which two plaques were identified as FA by OCT, but showed very distinct FLIM-based biochemical maps. The left FA was identified by FLIM as having a HL cap, which was correlated with a significant macrophage foam cell infiltration throughout the fibrous cap. The right FA was identified by FLIM as having a HC cap, which was correlated with an almost exclusive collagen content with scattered smooth muscle cells.
As expected, two TCFAs identified by OCT showed a HL cap based on FLIM due to both macrophage foam cell infiltration of the thin fibrous cap and the close proximity of the necrotic core to the lumen, as shown in Figure 1 . Finally, the CA could also be further characterized based on their luminal composition as shown in Figure 3 .
Based on the described multimodal OCT/FLIM evaluation, each of the 47 imaged coronary segments was identified as PIT, FA, TCFA, or CA based on OCT, and as having LCL, HC, or HL luminal biochemical composition based on FLIM. Overall, 89.4% of the plaques (42/47) were correctly identified based on the multimodal OCT/FLIM evaluation. Four of the misclassifications corresponded to confusing PIT with HL luminal composition for FA with a HL cap. The other corresponded to confusing FA with a HC cap for FA with an LCL cap. The results of the multimodal OCT/FLIM evaluation are summarized in Table 1 . Figure 4 Sample PIT identified by OCT presenting a very distinct FLIM-derived luminal biochemical composition. The colour-coded lumen indicates the superficial plaque composition based on FLIM: HL as red, HC as green, and LCL as blue. First row: a multimodal OCT B-scan with the lumen colour-coded based on the FLIM-derived superficial composition. Second row: corresponding Movat-stained sections. Third row: corresponding CD68 sections for macrophage/foam cell identification. Fourth row: corresponding alpha-actin sections for smooth muscle cell identification. The left plaque was identified by FLIM as having a HL (red) superficial composition, which was correlated with a significant macrophage foam cell infiltration in the top half of the plaque. The middle plaque was identified by FLIM as having a HC (green) superficial composition, which was correlated with an almost exclusive collagen content. The right plaque was identified by FLIM as having an LCL (blue) superficial composition, which was correlated with a predominant smooth muscle cell composition and a lack of both macrophage foam cell infiltration and collagen. All scale bars represent 200 mm.
Discussion
In this study, we have demonstrated that simultaneous co-registered OCT and FLIM imaging of coronary plaques enables a detailed characterization of the plaque's morphology and lipid/collagen content. To our knowledge, this work represents the first attempt at integrating OCT-based morphological imaging with FLIM-based biochemical imaging for the purpose of atherosclerotic plaque characterization. Specifically, OCT is well suited to identifying layers, fibrous cap thickness, necrotic cores, and calcification, whereas endogenous FLIM enables the characterization of the luminal biochemical composition of the plaque, in particular its collagen and lipid content. Taken together, they enable the generation of detailed maps of plaque morphology and biochemistry.
Recently, a consensus has been reached on standard criteria to identify fibrous plaques, calcification, and necrotic/lipid pools in intravascular OCT cross-sectional images (B-scans). 22 In the present study, we have successfully applied these criteria to correctly identify all of the CA and TCFA plaques. However, the discrimination between PIT and FA was less effective, highlighting the difficulty in identifying necrotic cores or lipid pools by OCT evaluation, particularly when they are not superficial and when the cap is infiltrated by macrophages, a limitation that was specifically highlighted in the consensus standards for intravascular OCT. 22 In the present study, this is further confounded by the fact that our OCT system is based at a centre wavelength of 830 nm, which has a more limited penetration depth than the typical 1300 nm centre wavelength used in commercial intravascular OCT systems. The characterization of the lipid and collagen content of plaque is important for histopathological classification and for estimating the propensity of a plaque for developing into high-risk vulnerable plaque.
14 In the present study, endogenous FLIM was able to characterize the plaque luminal composition as being collagen rich, lipid rich, or collagen/lipid poor with almost 100% accuracy (one collagen-rich plaque was misclassified as collagen/lipid poor). A number of other imaging modalities have also been proposed for the identification of plaque composition. 13 Spectroscopic IVUS (the virtual histology technology developed by Volcano Corporation, San Diego, CA, USA) has shown some potential for detecting fibrotic and fibro-lipid plaque, but the technology's sensitivity and specificity have been questioned in several studies. 23 -25 NIR spectroscopy (the intravascular platform developed by Infraredx, Inc., Burlington, MA, USA) provides accurate identification of lipid-rich plaques, but its capacity for assessing collagen content has not been demonstrated. 26 Our results, on the other hand, demonstrate that endogenous FLIM can be used not only for identifying lipid-rich plaques, but also for discriminating among fibrotic plaques rich in collagen (HC) from those with significant numbers of smooth muscle cells (LCL) (Figure 4) . We believe that the additional information available through endogenous FLIM imaging represents a significant advantage over the other competing techniques.
We have previously provided evidence that the autofluorescence signal related to HL areas is related to the endogenous fluorescence emission of LDL. 18 Therefore, we believe that the presence of extracellular and intracellular LDL defines an HL area. Superficial significant (macrophage) foam cell infiltration will be detected as a HL area. However, since both extracellular and intracellular LDL can be present in plaques, a HL area could also be associated with a necrotic core, a lipid pool, foam cell infiltration, or any of their combinations. Therefore, FLIM alone will not allow identifying the actual histopathology of a HL area. The combination of FLIM and OCT, on the other hand, can provide a more complete histopathological assessment, by allowing identifying for instance a HL plaque as either an FA with a HL cap or a PIT with a HL luminal composition, as in Figures 4 and 5, respectively. Although FLIM enables biochemical characterization of coronary plaques, little information about plaque morphology can be inferred from the autofluorescence signal. Only when the FLIM plaque classification was merged with the OCT scans was it possible to characterize plaque luminal biochemical composition and morphology simultaneously. In particular, the fibrous plaques correctly identified by OCT were further characterized as having significant collagen or lipid content based on the FLIM classification ( Figure 4) . Likewise, the FAs correctly identified by OCT were further characterized as having a fibrous cap rich in collagen or lipids ( Figure 5) .
While FLIM clearly provides valuable information on the biochemical composition of the tissues near the luminal surface, within the limited samples of this study it does not significantly improve the accuracy of the classification by the expert readers. When the OCT B-scans were reviewed independently by the three experts all of the FA, TCFA and CA were correctly identified. However, the discrimination of PIT was less effective: of 26, 5 PIT plaques with superficial macrophage/foam cell infiltration were misclassified as FA. When the OCT experts were asked to blindly review the B-scans of the five missed PIT plaques, this time with the FLIM-derived biochemical map indicating a HL, one plaque was correctly identified as PIT but the other four were again interpreted as an FA. Although the inclusion of the FLIM-derived biochemical map may have helped in one instance, a larger study incorporating additional training of the expert readers in how to utilize the FLIM information will be necessary to access the improvement, if any.
Some methods for automated intravascular OCT tissue characterization have been recently proposed. van Soest et al. 27 proposed an algorithm for the automatic quantification of the optical attenuation coefficient in intravascular OCT images, which allowed for discrimination of high attenuating plaque components (i. also been proposed as an indication of macrophage infiltration in the fibrous cap of FAs. 29 Our multimodal optical imaging approach offers the unique opportunity to develop algorithms like those noted above for OCT imaging and to combine them with spectral signatures available from FLIM to generate automated algorithms based on the fusion of the OCT and FLIM information, thus providing more accurate plaque tissue characterization. Other research groups have also recognized that fusing multiple imaging modalities to glean additional biomarkers may add a significant diagnostic value to the resulting images of atherosclerotic plaques. All of these approaches integrate IVUS with OCT, NIR spectroscopy, or fluorescence spectroscopy. 30, 31 The integration of ultrasound and optical imaging, however, poses significant design challenges for the development of an appropriately sized intravascular catheter. Conversely, because both OCT and FLIM are optical imaging techniques, their integration into a single fiberoptic-based intravascular catheter poses fewer design issues. This is especially true in light of the continued commercial development of advanced fiberoptics that can accommodate the extremely broad spectral bandwidth ( 350 -1300 nm) required for a multimodal OCT-FLIM catheter.
Study limitations
Although our results clearly demonstrate the potential of simultaneous co-registered OCT and FLIM imaging for a more comprehensive characterization of coronary atherosclerotic plaques, this study was performed ex vivo, and it will be imperative to validate these results in intravascular in vivo conditions. We are in the midst of developing a system capable of such a study. In addition, we realize that the sample size of the present study was limited. Once the intravascular OCT/FLIM imaging system becomes available, it will be necessary to demonstrate the use of this multimodal optical technology for the identification of all histopathological types of coronary plaque in a larger in vivo study. The OCT system based at 830 nm used for this study has a more limited penetration depth than the typical intravascular OCT system based at 1300 nm. This limitation may have contributed to the confusion of FA for PIT and vice versa in the reading of the OCT images. Ongoing development of an intravascular OCT/FLIM system will obviate this issue by integrating a 1310 nm swept laser source-based OCT subsystem.
Conclusions
We have demonstrated the feasibility of accurate simultaneous OCT/FLIM morphological and biochemical characterization of coronary plaques at spatial resolutions and acquisition speeds compatible with catheter-based endoscopic imaging. We have shown that the integration of biochemical and morphological information enables a more complete characterization of atherosclerotic plaques. Moreover, endogenous FLIM enables the direct spectroscopic interrogation of the collagen and lipid content of the tissues near the luminal surface, which are important not only for histopathological classification but also for estimating the propensity of a plaque for developing into high-risk vulnerable plaque. 14 This pilot study provides the impetus for continued development of the combined OCT and FLIM system for intravascular multimodal imaging.
